The nucleotide sequence of bovine papillomavirus type 4 (BPV-4) was determined. The viral genome is 7261 base pairs long. Several overlapping open reading frames (ORFs) have been identified both on the basis of amino acid comparison with other papiUomaviruses and on their transcriptional pattern. Eight early ORFs (E 1 to 8) were recognized, coding for DNA replication and cell transformation functions, and three late ORFs (L1 to 3), coding for structural proteins. Like the E50RF of human papillomavirus type 6 the E50RF of BPV-4 is discontinuous. Unlike other papillomaviruses, the non-coding region upstream of the early ORFs (ncr-1) is short (385 base pairs), but there is another non-coding region (ncr-2) of nearly 500 base pairs between the L2 and L10RFs. Most of the putative regulatory sites are located in the ncr-1, although potential controlling elements are also found in other parts of the genome. Polyadenylation sites are present at the 3' end of both the early and the late transcription units. Comparison between the polypeptides of BPV-4 and other papillomaviruses showed that BPV-4 is evolutionarily closer to the epitheliotropic human and rabbit viruses than to BPV-1.
INTRODUCTION
Papillomaviruses are oncogenic and are implicated in a variety of cancers in humans and in other animals (Smith & Campo, 1985) . So far, no permissive system has been found in vitro for any papillomavirus (Taichman et al., 1984) ; hence the investigation of their genetic structure has been directed along two routes: analysis of viral transcripts in vivo and in transformed cultured cells, and DNA sequence analysis. This combined approach has allowed the assignment of particular functions to distinct parts of the viral genome (Giri & Danos, 1986) .
Bovine papillomaviruses (BPV) have been classified into two subgroups, according to their molecular and biological characteristics (Jarrett et al., 1984) : subgroup A viruses infect both fibroblasts and keratinocytes, whereas subgroup B viruses infect only epithelial cells. BPV-1, a member of subgroup A, is perhaps the best understood of the papillomaviruses, partly because of the ease with which it transforms rodent fibroblasts in vitro . Its DNA has been sequenced (Chen et al., 1982) and several genetic functions have been identified and mapped (Giri & Danos, 1986) . The subgroup B viruses are less well characterized. Among their features are their small genome and their lack of cross-reactivity with the subgroup A viruses (but see Coggins et al., 1985) . BPV-4, the most extensively studied virus in subgroup B, causes papillomas of the upper alimentary canal (Campo et al., 1980) , which provide a focus for malignant transformation in animals eating bracken fern (Jarrett et al., 1978) . Thus, in contrast to BPV-1, BPV-4 is associated with cancer in its natural host. As part of our investigation of the role played by BPV-4 in cell transformation and carcinogenesis, we have determined the nucleotide sequence of its DNA, and here we report its genome organization and its similarities with and differences from other papillomaviruses. overlapping fragments were obtained by sonication (Deininger, 1983) , by selective digestion with DNAase I (Hong, 1982) or BAL31 (Poncz et al., 1982) , or by digestion with appropriate restriction enzymes. Each fragment was recloned in the replicative form of M13 bacteriophage vectors mp8 and mp9 (Messing & Vieira, 1982) . The dideoxy chain termination method (Sanger et al., 1980) was used to sequence the viral DNA inserts of the M13 recombinants. When overlapping of two fragments could not be unambiguously established, appropriate 20-mer deoxyoligonucleotides were chemically synthesized and used in primer extension analysis (Gait, 1985) . The genome was sequenced at least twice, on each strand (Fig. 1) . The sequence data were stored and analysed using the Microgenie computer program (Queen & Korn, 1984) . RESULTS 
AND DISCUSSION
The genome of BPV-4 is 7261 base pairs (bp) long (Fig. 2) . Direct nucleotide sequencing thus confirms previous estimates of the size of the viral DNA based on physical mapping (Campo et al., 1980) and electron microscope measurements (Campo & Coggins, 1982) . The DNA is A-Trich (A + T, 58.1 ~). The distribution of the stop codons in the two strands is shown in Fig. 3 : long (greater than 1000 bp) open reading frames (ORFs) are present in only one strand (Fig. 3a) , although the other strand also contains several short ORFs (Fig. 3b) . As mapping of the viral mRNAs present in papillomas showed that transcription takes place on only one strand (Smith etal., 1986) , we conclude that the strand with the long ORFs is the coding strand. Unidirectional transcription seems to be the rule among papillomaviruses (Girl & Danos, 1986 ).
The HpaI site or an analogous sequence has been used to number the genome of several papillomaviruses. There is no appropriate Hpal site in the genome of BPV-4, and therefore in order to allow direct comparison with the other papillomaviruses, the first nucleotide of the putative Spl binding site (see below) has been chosen. The single BamHI site, used for the original cloning (Campo & Coggins, 1982) , is now at nucleotide (nt) 2601. Four regions have been mapped on the BPV-4 genome: an early region with eight ORFs (El to 8), a late region with three ORFs (L1 to 3), and two non-coding regions (ncr), one 5" to the early region (ncr-1) and the other between the L2 and the L10RFs (ncr-2) ( Table 1, Fig. 4 ). The ORFs have been identified on the basis of size and/or homology with those previously described for other papillomaviruses.
The main features of the genome are described below with particular emphasis on the similarities and differences with other PVs.
The early region
The early (E) region comprises approximately 55~ of the genome, whereas the E region of BPV-1 makes up 69~ of the genome . It contains eight ORFs distributed among the three reading frames, with considerable overlap between them (Fig. 4) . This is particularly pronounced at the 3' end of the region, where the E2, E4 and E50RFs map. With the exception of the E7, E5b and E40RFs, all ORFs contain a potential methionine start codon (Table 1) .
The E50RF is discontinuous (Fig. 4) , like that of human papillomavirus type 6 (HPV-6) (Schwarz et al., 1983) . A minor ORF (nt 1359 to 1604), previously designated E7 (Smith et al., 1986) , overlaps the 5' end of the E10RF (nt 1549 to 2778) for 55 nucleotides (Fig. 3) . This ORF does not contain a methionine codon, indicating that it is either transcribed as a non-coding leader sequence, or is translated as part of a fusion polypeptide; it is spliced out in most mature mRNAs found in papillomas (Smith et al., 1986 ), but appears to be retained in the mRNAs found in mouse fibroblasts transformed in vitro (Smith et al., 1987) . The E10RF is 1229 nucleotides long, considerably shorter (approximately 500 to 800 nucleotides) than in other papillomaviruses, thus being partly responsible for the smaller size of the BPV-4 genome.
The E20RF (nt 2927 to 3997) overlaps the 3' end of the E30RF by 141 nucleotides, and the 5' end of the L20RF by six nucleotides. It encompasses the E4 and E50RFs in their entirety (Fig.  4 The E30RF is present in BPV-1, but absent in other PVs. BPV-4 does contain an E30RF of comparable size to that of BPV-1 (Fig. 4, Table 1 ).
The E50RF is divided into Eha and E5b. Contrary to HPV-6, where Eha and E5b overlap, the two ORFs are contiguous, separated by a single stop codon. The potential methionine start codon is located in E5a (Table 1) .
The arrangement of the E6, E7 and E80RFs (Fig. 4) resembles that of HPV-6 (Schwarz et al., 1983) and cottontail papillomavirus (CRPV) (Girl et al., 1985) rather than that of BPV-1 (see Fig. 1 of Yang et al., 1985) .
The late region
The late region comprises approximately 45 ~o of the genome. It contains three ORFs (Fig. 4) , each with a potential methionine start codon (Table 1) . Whilst the size of the L10RF is comparable with that of other papillomaviruses, the L20RF is approximately 400 nucleotides shorter ( Table 1 ). The L2 and L10RFs usually either abut, as in BPV-1 (Chen et al., 1982) , or overlap, as in other papillomavirus genomes; in BPV-4 they are separated by a stretch of 465 nucleotides, which contains a 281 nucleotide long ORF (nt 5300 to 5581) (Fig. 3 ). This ORF does not have a methionine start codon; the observation that this is spliced out in the mature late mRNAs found in papillomas (Smith et al., 1986) argues against a possible functional role, 
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Small ORFs are found in the late region of other papillomaviruses but they have not been assigned numbers. 
Transcriptional regulatory elements
Three polyadenylation sites have been identified in the BPV-4 DNA : one at nucleotide 4009, at the 3' end of the early transcription unit, and two at nucleotide 7151 and 7187 at the 3' end of the late transcription unit (Fig. 4, Table 2 ). The early polyadenylation site, ATTAAA, is also found at a corresponding site in HPV-6 (Schwarz et al., 1983) , and is known to substitute for the canonical AATAAA site in several eukaryotic genes (Birnstiel et al., 1985) . Both the early and the late polyadenylation sites are followed by the CA dinucleotide and the G/T clusters (Table  2) , which have been shown to be important for the correct 3' processing of polyadenylated mRNAs (Birnstiel et al., 1985) . All the early mRNAs terminate at nucleotide 4009, and the late mRNAs either at nucleotide 7151 or at nucleotide 7187 (Smith et al., 1986 (Smith et al., , 1987 . Several donor and acceptor splice sites have been identified (Table 2) . Transcriptional analysis has shown that most of these sites are functional both in papillomas and in cells transformed in vitro (Smith et al., 1986 (Smith et al., , 1987 .
Potential regulators of transcription initiation are found both in the ncr-1 and elsewhere in the genome (Fig. 4, Table 3 ). The ncr-1 is 385 nucleotides long, considerably shorter than in BPV-1, and therefore contributing with the E10RF to the smaller size of the BPV-4 genome.
Spl and NF1 are sequence-specific DNA-binding proteins isolated from HeLa cells. The first is required for accurate transcription in vitro (Dynan & Tjian, 1983) , and the second for the replication in vitro of adenovirus DNA (Rawlins et al., 1984) . Four high affinity binding sites for NF 1 have been found in the upstream promoter region of the human cytomegalovirus IE 1 gene, suggesting a possible additional role of NF1 in regulation of gene expression (Hennighausen & Fleckenstein, 1986) . Two inverted forms of the Sp 1 binding site are found at nucleotide 1 in the ncr-1 and at nucleotide 5481 in the ncr-2. The first one is identical to the medium-affinity simian virus 40 (SV40) binding site II (Kadonaga et al., 1986) . Two of the three putative NF1 binding sites are in the ncr-1, and the third within the E70RF. The third site differs from the consensus sequence by only one nucleotide (Table 3) . (Androphy et al., 1987) Recently, Androphy et al. (1987) reported that the E2 gene product of BPV-1 is a transactivating factor that binds to specific sites in the viral DNA. Three similar E2 binding sites are present in BPV-4 DNA, one in the ncr-1, one at the 5' end of the E80RF and one at the 3' end of the L1 ORF (Fig. 4) . It is interesting to note that the E2 binding sites are inverted forms of the NF1 binding sites; three of the six sequences forming the four E2 binding sites of BPV-1 are in reverse orientation (Androphy et al., 1987) .
As in BPV-1, enhancer sequences are found both 5' and 3' to the early transcription unit (Fig.  4) . The 5' enhancer is located in the ncr-1 and appears to be made up of two domains: the first domain, at nucleotide 24, differs in only one nucleotide from the enhancer core consensus sequence (Table 3) (Table 3 ). In addition another enhancer sequence is found in reverse orientation at nucleotide 6066 (Table 3) Three sets of CAAT and TATA boxes have been identified: in the ncr-1, within the E7 ORF, and in the ncr-2 (Fig. 4, Table 3 ). Interestingly there is a regulatory factor binding site between the CAAT and TATA box in each set. Also an 11 bp sequence is found at nucleotide 213 (Table  3) , differing only in the two external nucleotides from the first domain of the SV40 late promoter (Brady et al., 1982) ; the two substitutions still maintain the inverted symmetry. In addition, several direct and inverted repeats are found in the same region (data not shown). It is not known whether these potential regulatory elements are functional; however, the clustering of most of them in or around the ncr-1, 5' to the early transcription unit (Fig. 4) , and their similarity, both in sequence and in location, with analogous elements in other viral genomes, point to a functional role in the control of transcription.
Amino acid sequence homology between the polypeptides of BP V-4 and other papillomaviruses
The deduced amino acid sequences encoded by BPV-4 DNA have been compared with those of five other papillomaviruses, BPV-1, HPV-1, HPV-6, HPV-16 and CRPV, (Chen et al., 1982; Danos et al., 1984; Schwarz et al., 1983; Seedorf et al., 1985; Giri et al., 1985) , using the Microgenie Alignment program, scoring only perfect matches. The homology values do not change significantly if the scoring includes similar amino acids (data not shown).
The E1 protein of BPV-1 is involved both in the positive and negative control of viral DNA replication (Lusky & Botchan, 1986; Roberts & Weintraub, 1986) . Its N terminus is more divergent than the rest of the polypeptide (Danos et al., 1984) . This region corresponds to the minor ORF of BPV-4 (1359 to 1604 nt) (Fig. 3) , which has only limited homology (approx. 20~; data not shown) with the N-terminal 100 amino acids of other Els. When the BPV-4 E1 sequence is compared with the C-terminal two-thirds of other E1 polypeptides, homology ranges from 43.2~ with HPV-6 to 50.4~ with HPV-1 (Table 4) . Presumably BPV-4 E1 performs similar functions to those of other E1 proteins.
The E2 polypeptide of BPV-1 is a trans-activating factor (Spalholz et al., 1985) also involved in cell transformation (DiMaio, 1986) and is apparently composed of three domains: a conserved N terminus, a non-conserved central portion overlapping with E4, and a conserved C terminus (Danos et al., 1984) . Analysis of the amino acid sequence of BPV-4 E2 shows that its N terminus is not significantly more conserved (approx. 20~o; data not shown) than the internal region but, with the exception of HPV-1 E2, maximum homology is found among the C terminus 100 amino acids, where homology ranges from 28.8~ with HPV-16 to 45-6~ with CRPV (Table 4 ). The E20RF of BPV-4 is not necessary for cell transformation in vitro (K. T. Smith & M. S. Campo, unpublished results) and its function is still to be determined.
The remaining smaller early ORFs have widely diverged among papillomaviruses and accordingly there is only limited homology between their amino acid sequences in BPV-4 and in other papillomaviruses (data not shown). The function of the E30RF is still obscure, but the E4 protein seems to be a virus maturation factor (Doorbar et al., 1986) , E5 and E6 are responsible for cell transformation (Androphy et al., 1985 ; Schiller et al., 1986; Yang et al., 1985) and E7 is implicated in the maintenance of genome copy number. . A BPV-4 RNA corresponding to the E40RF is found in alimentary canal papillomas but not in transformed cells (Smith et al., 1986 (Smith et al., , 1987 , thus suggesting that in BPV-4 this product is also associated with the virus vegetative cycle. The E8 ORF encodes the motif Cys-X-X-X-X-Cys-X-X-X-Cys-X-XCys, similar to the Cys-X-X-Cys fourfold repeat encoded in the E6 and/or E70RF of other papillomaviruses. This or similar motifs are thought to be potential metal-binding domains in nucleic acid-binding proteins (Berg, 1986) .
The late ORFs code for the viral structural proteins (Engel et al., 1983) . The L1 protein is highly conserved among papillomaviruses (Danos et al., 1984) , and likewise BPV-4 L1 shows a high degree of homology with the analogous protein of other papillomaviruses throughout its length (Table 4) . This is surprising, as BPV-4 does not have the genus-specific antigen common to papillomaviruses (Jenson et al., 1980) , and displays no immuno-cross-reactivity with BPV-1 (Jarrett et al., , 1984 . Different epitopes must therefore be responsible for the antigenicity of the two viruses.
The L2 polypeptide of BPV-4 is shorter than the same protein in other papillomaviruses. Maximum amino acid homology is achieved when it is compared with the first 360 amino acids of the other L2 proteins. The region of greatest conservation is the first N-terminal 100 amino acids (Table 4) , as in other papiUomaviruses (Danos et al., 1984) . The deduced amino acid sequence of the minor ORF at nucleotides 5300 to 5581 shows a much lower degree of homology with the C terminal 100 amino acids of the other L2 proteins (data not shown), thus again arguing against its encoding the C terminus of a longer L2. It has been suggested that the L2 is implicated in the recognition of the target cell by the virus (Danos et al., 1984) . This is consistent with the greater conservation of the L2 between BPV-4, and HPVs or CRPV, than between BPV-4 and BPV-1. BPV-4, HPVs and CRPV infect only keratinocytes, whereas BPV-1 also infects fibroblasts (Jarrett et al., 1984) . However it would appear that the nature of the target epithelium (mucous for BPV-4, HPV-6 and HPV-16, and cutaneous for HPV-1 and CRPV) is not a determining factor, as the same degree of conservation is observed between BPV-4 and the epitheliotropic papillomaviruses. Overall, BPV-4 is less related to BPV-1 than to other papillomaviruses (Table 4) . Therefore the evolution of papillomaviruses seems to be determined more by the type of the infected host cell than by the host species.
Analysis of the nucleotide sequence of BPV-4 reveals that the small size of the viral genome is mainly due to the shorter length of the E1 ORF and of the ncr-1. Although the L2 ORF is also shorter, the length of the L region is comparable to that of other papillomaviruses because of the presence of an unusual intragenic region between the two L ORFs. Despite these differences, the overall genetic organization of BPV-4 is similar to that of other papillomaviruses.
Analysis of the deduced amino acid sequences shows that the areas of greater homology between BPV-4 and BPV-1 are in E1 and L1 (Table 4) , as previously concluded for DNA from heteroduplex data (Coggins et al., 1985) , and that BPV-4 is evolutionarily closer to the epitheliotropic human and rabbit papillomaviruses than to BPV-1. Therefore, it appears that papillomaviruses evolve subject to constraints imposed by the host cell.
Whether the observed differences in the genome of BPV-4 play a crucial role in the virus cycle or in its mode of cell transformation remains to be determined. 
